With competitive electricity market operation, open access to the transmission and distribution network is essential for transparent and efficient market operation. Like transmission pricing, distribution network pricing must also be transparent and must include tile variations based on the change in the operating state of the system, integration of renewable sources and must be real time. In this paper, a distribution system nodal pricing scheme is proposed for radial distribution system with integration of wind power in the system. The main objective of the paper is: (i) an optimal power flow based approach for determination of nodal prices for distribution system, (ii) impact of wind generation on nodal prices. The results have been obtained for IEEE 33 bus test system.
Introduction
Competitive electricity market sustainability and market efficiency is dependent on the transparent pricing structure. It is observed that the techniques used for the transmission pricing can also be applied to the distribution system such as nodal pricing, which is an efficient method for calculation of marginal cost of energy along with marginal cost of losses . A dispersed generation is considered to allocate the losses using marginal loss coefficients and direct loss coefficients to determine the nodal prices in . Renewable energy sources have become essential part of the distribution network due to environmental constraints and regulatory policies worldwide. and it is essential to determine their impact on the prices at the nodes. Authors in Zhao et al. (2011) studied the impact of renewable energy integration on nodal prices considering the effect of intermittent load. Nodal pricing based method is also used for the location of DG as discussed in (Singh and Goswami (2006) ). The analysis presented in Singh and Goswami (2006) is applied for loss minimization in Sotkiewicz and Vignolo (2006) . In Zhao (2010) as well as Sotkiewicz and Vignolo (2012) , the effect of solar and wind generation on distribution system prices were analyzed. The dynamic tariff concept is introduced in O' Connell et al. (2012) which is based on the distribution locational marginal prices to solve the congestion problems controlling the price values at different nodes. The analysis is extended in to consider the inter-temporal characteristics of the flexible load. Tariff structure for distribution system with DG was proposed in Sooraj and Kumar (2015) .
The nodal price behavior considering the ZIP and RIC loads, is considered in Sotkiewicz and Vignolo (2007) with the load flow based formulation. An optimal power flow based approach for distribution system nodal prices with seasonal load impact was presented in Polisetti and Kumar (2016) . However, the impact of renewable energy with its cost was not considered.
Mathematical formulation
In this section, an optimization model for determination of nodal prices is proposed with wind integration into the distribution network.
Optimal power flow model for nodal price:
Optimal power flow (OPF) is formulated by minimizing the cost of power at substation and wind power cost which is given by the Equations (1-7) . The objective function includes the total operational cost of substation power and wind power cost function. Minimize
Subject to Load flow equations:
Power generation limits, voltage limits and flow limits:
where , , and represents the set of nodes, generators, reactive power sources and lines respectively. The voltages, generated real power, generated reactive power, real power demand and reactive power demand are represented by , , , and . is the angle at node i, where as and are the real and imaginary parts of the admittance of line connected between i and j nodes, is the maximum power flow limit in line . Here is the output power from the wind turbine generator.
Here the values of operational cost coefficients are taken as a =0.01, b =40, c =9 and the wind cost coefficients (De Oliveira-De Jesus and Ponce de Leao, 2005) are = 0.0027, =17.83, =4.46.
Nodal price for distribution network:
Nodal prices for distribution system can be derived using Marginal Loss Coefficients (MLCs) to get price at each node of the distribution system. MLCs are coefficients which indicate the marginal or incremental deviation in total active power loss due to the changes in active and reactive power injections at a particular node of the system. The active and reactive power MLCs are:
where : The total power loss : The active power MLC at node of the system : The reactive power MLC at node of the system The power supply point (PSP) is defined as the connection between transmission and distribution systems. The price at PSP is indicated by λ (USD/MWh) which depends on solution of optimal power flow and is given by the following relation.
= 2 + (10) Nodal prices for active and reactive power at all nodes can be found by using following relations N = λ(1 + ρ ) (11) N = λρ (12) where , ($/MWh) and ($/MVARh) are the active and reactive power nodal prices at node of the system respectively. The reactive power price at PSP is taken as zero.
Determination of marginal loss coefficients:
The active and reactive power Marginal Loss Coefficients (MLCs) are determined using the Jacobian matrix method. This method of determining the MLCs was proposed by the authors in (De OliveiraDe Jesus and Ponce de . The following sets of linear equations are utilized in this method.
The total loss of the distribution system is given by = ∑ ∑ + − 2 cos − (22) From this equation, the derivative of loss with respect to voltage angles and magnitudes can be derived as follows:
where , : The voltage magnitudes at the sending and receiving end nodes respectively , : The voltage angles at the sending and receiving end nodes respectively : The conductance of the − element of the Y-bus matrix : The susceptance of the − element of the Y-bus matrix : The total number of nodes in the system.
Reconciliated Marginal Loss Coefficients:
The approximate total losses of the system can also be obtained from the MLCs as follows:
where and are the active and reactive power injections at node respectively. As concluded by authors in De Oliveira-De Jesus and Ponce de , it was observed that the value of losses approximated using MLCs were almost as twice as the actual losses of the system. This leads to over estimation of the nodal prices of the system. Hence, the MLCs have to be adjusted in order to estimate the exact cost of losses, which is done using the factor of reconciliation ( ). =
With the application of reconciliation, the new active and reactive nodal prices are obtained as shown below:
Optimal location for Wind turbine power source
Sensitivity based indices have been used in the recent past to obtain the optimum location for placing the DGs in the distribution system. In this thesis, voltage sensitivity index (VSI) has been utilized to obtain the most optimum location for wind turbine placement in the system. : Sensitivity based indices have been used in the recent past to obtain the optimum location for placing the DGs in the distribution system. In this thesis, voltage sensitivity index (VSI) has been utilized to obtain the most optimum location for wind turbine placement in the system. Voltage sensitivity index is a numerical solution in which the operator knows how close the system is to collapse, the lower the sensitivity index, the closer the bus to collapse hence in this method the bus with low sensitivity is selected for the placement of capacitor. Voltage sensitivity index of bus i is given as follows
Voltage Sensitivity Index (VSI)
is calculated by placing a DG with the size equal to 25% of the total feeder loading at node . Figure 3 shows the voltage sensitivity index profile for the considered 33 bus test system, in which bus 18 is having highest voltage sensitivity index hence this method indicates the bus 18 is the optimal location for wind based DG placement 33 bus radial system.
Using the Weibull parameters, a large number of wind samples which are Weibull distributed can be produced using Monte Carlo simulation (MCS). Since the relationship between wind speed and power production is known from Equation (20), a large number of power samples can also be obtained. The number of samples of MCS is usually more than 10000. Hence, the number of wind power scenarios to be applied to the distribution system is also of the same order. Such a large number of scenarios make the analysis a tasking one. In order to reduce the computational burden of the program developed, the number of scenarios is reduced using a process known as wind speed leveling. The wind turbine will operate from cut-in speed to the cut-out speed specified. The entire range of wind speed from the cut-in speed to the cut-out speed is known as the operating range of the wind turbine. The number of wind speed samples can be grouped into various wind speed ranges specified. Each wind speed sample from the Weibull distribution function will be falling within any one of the wind speed ranges or levels specified.
The wind speed is divided into various levels and power outputs of each level are obtained. The wind speed samples are clustered into levels of wind speeds. Hence, the power outputs corresponding to these wind speeds are also clustered according to wind speed levels. The mean value of power output of each wind speed level is calculated. Then, the probability of occurrence of every wind speed level is calculated by Equation (30). =
where is the probability of occurrence of wind speed level , is the number of wind speed samples in level and is the total number of wind speed samples. The mean power output of each wind level is multiplied by the probability of occurrence of that level to get that actual wind turbine output for that level. This will provide an accurate representation of the actual wind power output for that wind speed range. The procedure of wind speed levelling is shown graphically in Figure 1 .
Figure1. Wind speed sampling and leveling

Results and discussion
The studies were conducted on the IEEE 33 bus radial and mesh distribution system. The base power of the system is 100 MVA and the base voltage is 12.66 KV. The total connected active power load is 3.72 MW and reactive power load is 2.30 MVAR. An optimal nodal pricing has been obtained considering the seasonal loads, ZIP load and RIC load with the integration of wind energy. 
4.1Levels of Wind Speed
The number of wind speed levels is chosen as five. The wind speed levels and the corresponding speed range are shown in Table 2 . Level 0 corresponds to the base case where no wind turbine is integrated. The results obtained in the further sections are obtained using the linear power model discussed in the previous sections. For the test system in consideration, Voltage sensitivity index (VSI) values are calculated for zero wind power generation with the proposed OPF. Figure 3 shows the variation of VSI values with bus number. The highest VSI value of 0.0129 is obtained for bus number 18, indicating that the DG should be placed at bus number 18. Table 3 shows the comparison of total active power loss (TPL) and the total reactive power loss (TQL) of the 33 bus RDS for various scenarios of wind turbine integration. Table 3 show the branch real power losses for the radial system when the wind turbine is placed at bus 18 for both CP and realistic ZIP loads. Figure4. Voltage profile for various levels with wind turbine placed at bus 18 with CP load in radial system Table 4 shows the active and reactive power nodal prices with and without wind integration at wind level 3. As at wind level 3, the losses are observed minimum. The power output of the wind turbine is more compared to other levels. Tables 5 and 6 show the comparison of active and reactive power nodal prices for various scenarios of wind power available in the system. From these results, it can be observed that the active and reactive power losses get reduced with the integration of wind turbines. The TPL for level 0, or without the integration of wind turbine, is 140.9077 kW. Similarly, the TQL for level 0 is 105.9969 kVAR. These values are significantly reduced by placing the wind turbines. For example, the value of TPL after placing wind turbine reduces to a minimum of 109.2605 kW when the wind turbine is placed at bus 18. The value of TQL after placing wind turbine reduces to a minimum of 81.2553 kVAR when the wind turbine is placed at bus 18. For ZIP load, the TPL for level 0, or without the integration of wind turbine, is 131.4810 kW. Similarly, the TQL for level 0 is 98.8677 kVAR. These values are reduced to 105.3886 kW and 78.3728 kVAR respectively. Among all scenarios level3 is giving better results due to its high power output. So, all the results compared below were taken for level 3 scenario. Voltage profile with wind level is shown in Figure 4 . It is observed that with wind integration, the voltage profile has improved. The wind power output for different speed range is given in Table 7 . The wind power output, probability of occurrence, and penetration level of the wind power is also given in the table. Loss profile with wind integration is shown in Fig. 5 for all levels of wind power available. It is observed that the branch losses reduce with all levels of wind generation. With reduction in the losses, there is reduction in the marginal loss coefficients and thereby reduction in both the real and reactive power marginal prices. 
Conclusions
In this study, the impacts of wind power integration on the optimal nodal pricing of distribution systems were discussed for radial system. The variability of wind power output is observed to cause noteworthy deviations in the nodal prices of the distribution system. These deviations are important as the volatility of wind power outputs leads to volatility in the nodal prices of the system. There is reduction in the all branches with wind integration and due to reduction in the losses, there is reduction in the marginal loss coefficients and nodal prices. The active and reactive power nodal prices of the distribution system are oberved lower with the integration of wind turbines into the system. 
In this study, the impacts of wind power integration on the optimal nodal pricing of distribution systems were discussed for radial system. The variability of wind power output is observed to cause noteworthy deviations in the nodal prices of the distribution system. These deviations are important as the volatility of wind power outputs leads to volatility in the nodal prices of the system. There is reduction in the all branches with wind integration and due to reduction in the losses, there is reduction in the marginal loss coefficients and nodal prices. The active and reactive power nodal prices of the distribution system are oberved lower with the integration of wind turbines into the system.
